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CATALYST DETERIORATION
DETERMINING APPARATUS FOR
INTERNAL COMBUSTION ENGINE, AND
CONTROL METHOD FOR THE APPARATUS

INCORPORAITTON BY REFERENCE

The disclosure of Japanese Patent Application No. HEI
11-279402 filed on Sep. 30, 1999 including the specification,
drawings and abstract 1s incorporated herein by reference in
its entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention 1s directed to emission control apparatuses
having three-way catalyst devices for controlling emissions
from 1nternal combustion engines.

2. Description of the Related Art

There are known emission control apparatuses having
three-way catalyst devices for controlling emissions from
internal combustion engines. A three-way catalyst device 1s
capable of simultaneously lessening three components of
exhaust gas from an engine, that 1s, oxides of nitrogen
(NOx), hydrocarbons (HC), and carbon monoxide (CO), at
higch removal rates when the air-fuel ratio of exhaust gas
flowing into to the three-way catalyst device (hereinafter,
referred to as “inflow exhaust air-fuel ratio”) is at a sto-
ichiometric air-fuel ratio. That 1s, 1n order to simultaneously
lessen the three components, 1.€., NOx, HC, and CO, at high
removal rates, 1t 1s necessary to keep the inflow exhaust
air-fuel ratio substantially at the stoichiometric air-fuel ratio.

However, 1t 1s very difficult to continuously keep the
inflow exhaust air-fuel ratio accurately at the stoichiometric
air-fuel ratio. Therefore, 1n an emission control apparatus for
an mternal combustion engine disclosed 1n Japanese Patent
Application Laid-Open No. HEI 11-36849, as for example,
a three-way catalyst device 1s provided with an oxygen
absorbing/releasing capability of absorbing oxygen when
the 1intflow exhaust air-fuel ratio 1s on a fuel-lean side of the
stoichiometric air-fuel ratio, and of releasing absorbed oxy-
ogen when the mflow exhaust air-fuel ratio 1s on the fuel-rich
side of the stoichiometric air-fuel ratio, and the inflow
exhaust air-fuel ratio 1s controlled so that the inflow exhaust
air-fuel ratio cyclically changes between the rich and lean
sides of the stoichiometric air-fuel ratio and, as a result, the
overall inflow exhaust air-fuel ratio becomes substantially
equal to the stoichiometric air-fuel ratio. That 1s, when the
inflow exhaust air-fuel ratio 1s on the rich side of the
stoichiometric air-fuel ratio, oxygen absorbed in the three-
way catalyst device 1s released into exhaust gas flowing,
through the three-way catalyst device, so that the inflow
exhaust air-fuel ratio becomes substantially equal to the
stoichiometric air-fuel ratio. When the inflow exhaust air-
fuel ratio 1s on the lean side of the stoichiometric air-fuel
rat1o, oxygen 1n exhaust gas 1s absorbed into the three-way
catalyst device, so that the inflow exhaust air-fuel ratio
becomes substantially equal to the stoichiometric air-fuel
ratio.

The three-way catalyst device becomes unable to simul-
tancously remove the three undesirable components of the
cxhaust gas when the three-way catalyst device deteriorates,
iIn most cases this means when the oxygen absorbing/
releasing capability decreases. Therefore, 1n the emission
control apparatus disclosed 1n the aforementioned laid-open
patent application, deterioration of the three-way catalyst
device 1s evaluated by using outputs from two air-fuel ratio
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sensors disposed 1n exhaust passages upstream and down-
stream of the three-way catalyst device.

That 1s, the air-fuel ratio sensor disposed upstream of the
three-way catalyst device (hereinafter, referred to as
“upstream-side air-fuel ratio sensor”) outputs an output
value corresponding to the air-fuel ratio of exhaust gas that
1s about to flow 1nto the three-way catalyst device. Since the
inflow exhaust air-fuel ratio 1s controlled so as to cyclically
change between the rich and lean sides of the stoichiometric
air-fuel ratio as mentioned above, the upstream-side air-fuel
ratio sensor alternately outputs relatively high output values
corresponding to rich-side air-fuel ratios and relatively low
output values corresponding to lean-side air-fuel ratios. On
the other hand, the air-fuel ratio sensor disposed downstream
of the three-way catalyst device (hereinafter, referred to as
“downstream-side air-fuel ratio sensor”) outputs an output
value corresponding to the air-fuel ratio of exhaust gas that
has passed through the three-way catalyst device. Since the
three-way catalyst device has the oxygen absorbing/
releasing capability as described above, the three-way cata-
lyst device eliminates relatively small fluctuations, that is,
increases and decreases, of the inflow exhaust air-fuel ratio
that occur 1n short cycles. Therefore, the downstream-side
air-fuel ratio sensor alternately outputs only relatively high
output values corresponding to rich-side air-fuel ratios and
relatively low output values corresponding to lean-side
air-fuel ratios 1n fluctuation cycles that are longer than the
fluctuation cycles of the output value of the upstream-side
air-fuel ratio sensor, as long as the three-way catalyst device
operates normally.

However, when the three-way catalyst device has
deteriorated, the three-way catalyst device does not elimi-
nate repeated short term increases and decreases in the
inflow exhaust air-fuel ratio, so that the output value of the
downstream-side air-fuel ratio sensor fluctuates in shorter

cycles than when the three-way catalyst device 1s normal.

Therefore, the emission control apparatus disclosed 1n the
aforementioned laid-open patent application calculates a
ratio of the length of an output locus formed by output
values of the downstream-side air-fuel ratio sensor
(hereinafter, referred to as “downstream-side locus length™)
to the length of an output locus formed by output values of
the upstream-side air-fuel ratio sensor, and determines that
the three-way catalyst device has deteriorated when the ratio
becomes greater than a predetermined criterion value.

The emission control apparatus disclosed in the afore-
mentioned laid-open patent application 1s based on an
assumption that the downstream-side locus length increases
proportionally to the fluctuation of the air-fuel ratio of
cxhaust gas flowing out of the three-way catalyst device
(hereinafter, referred to as “outflow exhaust air-fuel ratio”).
In reality, however, the downstream-side locus length does
not necessarily increase proportionally to the fluctuation of
the outflow exhaust air-fuel ratio, due to an output charac-
teristic of the downstream-side air-fuel ratio sensor. More
specifically, the amount of change 1n the output value of the
downstream-side air-fuel ratio sensor per unit amount of
change 1n the exhaust air-fuel ratio is relatively small 1n a
range where, for example, the degree of fuel-richness of the
exhaust air-fuel ratio 1s relatively great, and 1t 1s relatively
orcat 1n a range where the degree of fuel-richness of the
exhaust air-fuel ratio 1s relatively small. That 1s, if the
exhaust air-fuel ratio fluctuates within the range where the
degree of fuel-richness 1s relatively great, the change in the
downstream-side locus length 1s relatively small.

In this case, therefore, 1t 1s erroncously determined that
the three-way catalyst device has not deteriorated, even 1if
the three-way catalyst device has actually deteriorated.
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SUMMARY OF THE INVENTION

Accordingly, it 1s an object of the 1nvention to determine
deterioration of a three-way catalyst device with good
precision.

To achieve the aforementioned and other objects, a cata-
lyst deterioration determining apparatus for an internal com-
bustion engine 1n accordance with an aspect of the invention
includes a three-way catalyst device with an oxygen
absorbing/releasing capability that 1s disposed in an exhaust
passage of the engine, and an upstream-side air-fuel ratio
sensor disposed 1n a portion of the exhaust passage located
upstream of the three-way catalyst device. The upstream-
side air-fuel ratio sensor outputs an output value 1 accor-
dance with the air-fuel ratio of exhaust gas. Furthermore, a
downstream-side air-fuel ratio sensor that outputs an output
value 1n accordance with the air-fuel ratio of exhaust gas 1s
provided 1n the exhaust passage downstream of the three-
way catalyst device. The apparatus calculates a comparison
value by comparing the length of an output locus formed by
output values of the upstream-side air-fuel ratio sensor and
the length of an output locus formed by output values of the
downstream-side air-fuel ratio sensor. By comparing the
comparison value with a predetermined criterion value, the
apparatus determines whether the three-way catalyst device
has deteriorated. For the determination, at least one of the
downstream-side air-fuel ratio sensor output value and the
predetermined criterion value 1s corrected 1n accordance
with the downstream-side air-fuel ratio sensor output value.

Since an air-fuel ratio varies 1n 1ts output characteristic in
accordance with the output value, the change 1n the length
of the locus formed by output values of the downstream-side
air-fuel ratio sensor caused by deterioration of the three-way
catalyst device also varies 1n accordance with the output
value of the downstream-side air-fuel ratio sensor. However,
since the invention uses a predetermined criterion value or
an output value of the downstream-side air-fuel ratio sensor
corrected 1n accordance with the output value of the
downstream-side air-fuel ratio sensor, it becomes possible to
determine deterioration of the three-way catalyst device with
good precision.

In a catalyst deterioration determining method 1n accor-
dance with another aspect of the invention, a first output
value 1s acquired from an upstream-side air-fuel ratio sensor
positioned upstream of a three-way catalyst device disposed
in an exhaust gas of an 1nternal combustion engine, the first
output value being 1n accordance with an air-fuel ratio of
exhaust gas flowing 1nto the three-way catalyst device. A
second output value 1s acquired from a downstream-side
air-fuel ratio sensor positioned downstream of the three-way
catalyst device, the second output value being 1n accordance
with the air-fuel ratio of exhaust gas flowing out of the
three-way catalyst device. A comparison value 1s calculated
by comparing the length of an output locus formed by the
first output value and the length of an output locus formed
by the second output value. By comparing the comparison
value with a predetermined criterion value, 1t 1s determined
whether the three-way catalyst device has deteriorated. For
the determination, at least one of the second output value of
the downstream-side air-fuel ratio sensor and the predeter-
mined criterion value 1s corrected in accordance with the
second output value.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and further objects, features and advan-
tages of the present invention will become apparent from the
following description of a preferred embodiment with ref-
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erence to the accompanying drawings, wherein like numer-
als are used to represent like elements and wherein:

FIG. 1 1s a diagram 1illustrating an overall construction of
an internal combustion engine equipped with a catalyst
deterioration determining apparatus according to the 1mven-
tion;

FIG. 2 1s a diagram indicating the emission removing,
function of a three-way catalyst device;

FIG. 3 1s a diagram indicating an output characteristic of
an air-fuel ratio;

FIG. 4 1s a flowchart for calculation of a fuel 1njection
duration;

FIG. 5 1s a Howchart for calculation of a air-fuel ratio
correction factor;

FIG. 6 1s a flowchart for calculation of a skip increase
amount and a skip decrease amount;

FIGS. 7A to 7F are time charts for illustrating determi-
nation of catalyst deterioration according to the invention;

FIG. 8 1s a diagram 1ndicating a correction factor for
correcting the output voltage of a downstream-side air-fuel
ratio sSensor;

FIG. 9 1s a diagram 1ndicating the corrected output voltage
of the downstream-side air-fuel ratio sensor; and

FIG. 10 1s a flowchart for determination of catalyst
deterioration.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENT

A preferred embodiment of the catalyst deterioration
determining apparatus of the ivention will be described
hereinafter with reference to the accompanying drawings.

An overall construction of an internal combustion engine
including a catalyst deterioration determining apparatus
according to the mvention will be described with reference
to FIG. 1. FIG. 1 shows an embodiment where the catalyst
deterioration determining apparatus of the invention 1is
applied to an internal combustion engine. An engine body 1
1s shown 1n FIG. 1. An intake manifold 2a 1s connected to
intake ports 1a of cylinders of the engine body 1. The intake
manifold 2a 1s connected to an intake passage 2 via a
common surge tank 2b. The intake passage 2 1s provided
with an air flow meter 3 for detecting the amount of air taken
into the engine body 1. The intake passage 2 i1s further
provided with a throttle valve 16 that is operated to a degree
of opening corresponding to the amount of operation of an
accelerator pedal 16a. Disposed near the throttle valve 16 1s
an 1dle switch 17 that generates a signal indicating an idle
state when the throttle valve 16 1s fully closed. Fuel 1injection
valves 7 are disposed 1n portions of the intake manifold 2a
located near the itake ports 1la of the individual cylinders.
The fuel mjection valves 7 are opened 1n accordance with
signals from a control circuit 10 described below, so as to
inject pressurized fuel nto the intake ports 1a of the cylin-
ders. The engine body 1 also has ignition plugs 14 for
igniting fuel 1n the cylinders of the engine.

An exhaust manifold 11a 1s connected to exhaust ports 15
of the engine body 1. The exhaust manifold 114 1s connected
to an exhaust passage 11. The exhaust passage 11 1s provided
with a catalytic converter 12. The catalytic converter 12
contains a three-way catalyst device.

The three-way catalyst device removes substantially
100% of NOx when the air-fuel ratio of exhaust gas that 1s
about to flow into the three-way catalyst device (hereinafter,
referred to as “inflow exhaust air-fuel ratio™) is on a fuel-rich
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side of a stoichiometric air-fuel ratio, as indicated in FIG. 2.
Conversely, when the inflow exhaust air-fuel ratio 1s on the
fuel-lean side of the stoichiometric air-fuel ratio, the three-
way catalyst device removes substantially 100% of HC and
CO. Therefore, the three-way catalyst device 1s able to
simultaneously remove NOx, HC, and CO at high removal
rates only when the inflow exhaust air-fuel ratio equals the
stoichiometric air-fuel ratio. Furthermore, the three-way
catalyst device has an oxygen absorbing capability of
absorbing oxygen from exhaust gas when the inflow exhaust
air-fuel rat1o 1s on the lean side of the stoichiometric air-fuel
ratio, and an oxygen releasing capability of releasing

absorbed oxygen when the inflow exhaust air-fuel ratio 1s on
the rich side.

An upstream-side air-fuel ratio sensor 13 1s disposed 1n a
portion of the exhaust passage 11 located upstream of the
catalytic converter 12. A downstream-side air-fuel ratio
sensor 15 1s disposed 1n portion of the exhaust passage 11
located downstream of the catalytic converter 12. In this
embodiment, the air-fuel ratio sensors 13, 15 are O, sensors
that output voltage 1n accordance with the oxygen concen-
tration 1n exhaust gas. The O, sensors output a voltage of
substantially 0 V when the exhaust air-fuel ratio 1s on the
lean side of the stoichiometric air-fuel ratio, as indicated in
FIG. 3. When the exhaust air-fuel ratio 1s on the rich side of
the stoichiometric air-fuel ratio, the O, sensors output a
voltage of about 1V. In a range around the stoichiometric
air-fuel ratio, the output voltage of each O, sensor sharply
changes, and changes across a voltage V, that corresponds
to the stoichiometric air-fuel ratio. That 1s, the O, sensors
output different values of voltage 1n accordance with
whether the exhaust air-fuel ratio 1s on the lean or rich side
of the stoichiometric air-fuel ratio.

An 1gnition distributor 4 of the engine body 1 1s provided
with two crank angle sensors 5, 6 each of which generates
a pulse signal at every predetermined rotation angle of an
engine crankshaft. In this embodiment, the crank angle
sensor 3 outputs a reference position-detecting pulse signal,
for example, every time a compression top dead center 1s
reached in a specified cylinder (that is, at every crank
rotation angle of 720°), and the crank angle sensor 6 outputs
a crank rotation angle-detecting pulse signal, for example, at
every crank angle of 30°.

A water jacket 8 of a cylinder block of the engine body 1
1s provided with a cooling water temperature sensor 9 that
outputs voltage 1n accordance with the temperature of
engine cooling water.

The control circuit 10 has a CPU (microprocessor) 42, a
ROM (read-only memory) 43, a RAM (random access
memory) 42, a B-RAM (backup RAM) 45, an input port 46,
and an output port 47 that are interconnected by a bidirec-
tional bus 41. Output voltages of the air low meter 3, the
cooling water temperature sensor 9, the air-fuel ratio sensors
13, 15, and the 1dle switch 17 are inputted to the mput port
46 via corresponding A/D converters 48. Output voltages of
the crank angle sensors 5, 6 are directly inputted to the 1input
port 46. The output port 47 1s connected to the fuel injection
valves 7, the 1gnition plugs 14, and an alarm 40, via
corresponding drive circuits 49.

Before the operation of the catalyst deterioration deter-
mining apparatus according to the mvention i1s described, a
control of bringing the miflow exhaust air-fuel ratio to a
target air-fuel ratio will be described. This air-fuel ratio
control includes substantially two controls.

One of the controls 1s a control of calculating an open
valve duration of the fuel injection valves that 1s needed for
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the fuel mjection valves to 1nject an amount of fuel that 1s
needed to bring the inflow exhaust air-fuel ratio to the target
air-fuel ratio. The other 1s a control of detecting an actual
imnflow exhaust air-fuel ratio and, based on the detected
inflow exhaust air-fuel ratio, calculating an air-fuel ratio
correction factor for correcting the open valve duration of
the fuel injection valves, that 1s, the air-fuel ratio.

First, the calculation of an open valve duration of the fuel
injection valves will be described with reference to the
flowchart in FIG. 4. First in step 101, an amount intake air
per engine revolution Q/Ne 1s calculated from the amount of
intake air Q detected by the air low meter 3 and the engine
revolution speed Ne calculated based on the detection data
provided by the crank angle sensors §, 6. Subsequently in
step 102, a basic fuel mjection duration TAUP 1s calculated
as 1 an equation TAUP=axQ/Ne. The basic fuel inmjection
duration TAUP 1s a fuel injection duration that 1s needed to
bring the air-fuel ratio of an air-fuel mixture supplied to each
cylinder to the target air-fuel ratio. In the equation, o 1s a
constant.

Subsequently 1n step 103, an actual fuel 1njection duration
TAU 1s calculated as 1n an equation TAU=TAUPxFAFx{3+y.
In the equation, FAF 1s an air-fuel ratio correction factor
calculated 1n a flowchart described below, and 3, v are
constants that are determined in accordance with the engine
operational states. Subsequently in step 104, the actual fuel
injection duration TAU 1s set, so that an amount of fuel
corresponding to the actual fuel injection duration TAU 1is
injected from each fuel injection valve 7.

The control of calculating the air-fuel ratio correction
factor FAF will be first described briefly, and then will be
described 1n detail with reference to a flowchart. Description
below will be made 1n conjunction with a case where the
target air-fuel ratio 1s set to a ratio that 1s slightly to the rich
side of the stoichiometric air-fuel ratio, for the following
reasons.

As mentioned above, the three-way catalyst device 1s able
to simultaneously remove NOx, HC, and CO at high
removal rates when the inflow exhaust air-fuel ratio equals
the stoichiometric air-fuel ratio. However, 1n reality, it 1s
very dithicult to always keep the inflow exhaust air-fuel ratio
equal to the stoichiometric air-fuel ratio. Therefore, 1t 1s
permissible to provide a three-way catalyst device with an
oxygen absorbing/releasing capability and control the air-
fuel ratio so that the inflow exhaust air-fuel ratio alternates
between the rich and lean sides of the stoichiometric air-fuel
ratio and, as a result, the overall inflow exhaust air-fuel ratio
becomes equal to the stoichiometric air-fuel ratio. However,
although the oxygen absorbing/releasing capability of the
three-way catalyst device makes 1t possible to keep the
inflow exhaust air-fuel ratio approximately equal to the
stoichiometric air-fuel ratio, the oxygen absorbing/releasing
capability does not make it possible to keep the inflow
exhaust air-fuel ratio perfectly equal to the stoichiometric
air-fuel ratio. Considering this circumstance, 1t can be under-
stood that a drawback occurs as follows. That 1s, as 1s
apparent from FIG. 2, if the mflow exhaust air-fuel ratio
shifts to the rich side of the stoichiometric air-fuel ratio, the
HC removal rate and the CO removal rate decrease while the
NOx removal rate remains approximately at 100%.
However, the extent of such decreases in the HC removal
rate and the CO removal rate is less than the extent of a
decrease 1 the NOx removal rate that occurs when the
inflow exhaust air-fuel ratio shifts to the lean side of the
stoichiometric air-fuel ratio. Therefore, 1n order to remove
the three components, 1.e., NOx, HC, and CO, at high
removal rates as a whole and, 1n particular, curb the amount
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of NOx discharged from the three-way catalyst device to a
low level, 1t 1s desirable to control the air-fuel ratio so that
the miflow exhaust air-fuel ratio becomes equal to an air-fuel
ratio that 1s slightly to the rich side of the stoichiometric
air-fuel ratio.

In view of these circumstances, the air-fuel ratio 1s
controlled so that the inflow exhaust air-fuel ratio becomes
equal to a ratio that 1s slightly to the rich side of the
stoichiometric air-fuel ratio, and so that the inflow exhaust
air-fuel ratio fluctuates within a range X indicated 1n FIG. 2,
in this embodiment.

The calculation of the air-fuel ratio correction factor FAF
in this embodiment will be described. As can be understood
from the fuel 1njection duration TAU-determining equation,
TAU=TAUPxFAFx[3+y, an increase 1n the air-fuel ratio
correction factor FAF increases the fuel injection duration
TAU, and therefore 1ncreases the degree of fuel-richness of
the 1inflow exhaust air-fuel ratio. On the other hand, a
decrease 1n the air-fuel ratio correction factor FAF reduces
the fuel injection duration TAU, and therefore increases the
degree of fuel-leanness of the inflow exhaust air-fuel ratio.

While it 1s detected by the upstream-side air-fuel ratio
sensor 13 that the mnflow exhaust air-fuel ratio 1s on the rich
side of the target air-fuel ratio (an air-fuel ratio that is
slightly to the rich side of the stoichiometric air-fuel ratio in
this embodiment), the air-fuel ratio correction factor FAF is
oradually decreased. Therefore, the fuel injection duration
TAU 1s reduced, so that the degree of richness of the inflow
cxhaust air-fuel ratio decreases. Conversely, while 1t 1s
detected by the upstream-side air-fuel ratio sensor 13 that the
inflow exhaust air-fuel ratio 1s on the lean side of the target
air-fuel ratio, the air-fuel ratio correction factor FAF 1s
oradually increased. Therefore, the fuel mjection duration
TAU 1s increased, so that the degree of richness of the inflow
exhaust air-fuel ratio increases. In this manner, the inflow
exhaust air-fuel ratio 1s kept within the vicinity of the target
air-fuel ratio.

In this embodiment, a control as described below 1is
performed 1n order to bring the inflow exhaust air-fuel ratio,
which has departed from a target air-fuel ratio, back to the
target air-fuel ratio as quickly as possible. That 1s, the
downstream-side air-fuel ratio sensor 15 detects the air-tuel
ratio of exhaust gas discharged from the three-way catalyst
device (hereinafter, referred to as “outflow exhaust air-fuel
ratio”). It is noted herein that the output value from the
downstream-side air-fuel ratio sensor 15 fluctuates across
the voltage value corresponding to the target air-fuel ratio in
relatively long cycles. If the duration during which the
output of the downstream-side air-fuel ratio sensor 15 indi-
cates that the outflow exhaust air-fuel ratio 1s on the rich side
(hereinafter, referred to as “rich output duration™) is long, it
means that the degree of richness of the inflow exhaust
air-fuel ratio has been corrected to a relatively great value.
Therefore, 1n this embodiment, the air-fuel ratio correction
factor 1s greatly decreased in a rapid manner so that the
degree of richness of the inflow exhaust air-fuel ratio
decreases more quickly if the rich output duration 1s longer.

Conversely, 1f the duration during which the output of the
downstream-side air-fuel ratio sensor indicates that the out
flow exhaust air-fuel ratio 1s on the lean side (hereinafter,
referred to as “lean output duration™) is long, it means that
the degree of leanness of the inflow exhaust air-fuel ratio has
been corrected to a relatively great value. Therefore, 1n this
embodiment, the air-fuel ratio correction factor 1s greatly
increased 1n a rapid manner so that the degree of leanness of
the inflow exhaust air-fuel ratio decreases more quickly it
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the lean output duration 1s longer. In this manner, the inflow
exhaust air-fuel ratio 1s kept in the vicinity of the target
air-fuel ratio with an increased precision.

Next, the control of calculating the air-fuel ratio correc-

tion factor will be described 1n detail with reference to the
flowcharts of FIGS. 5 and 6. Referring to the flowchart of
FIG. §, first 1n step 201, 1t 1s determined whether a condition

for executing an air-fuel ratio feedback control (hereinafter,
referred to as “feedback execution condition™) 1s met, that is
it 1s determined based on the outputs of the air-fuel ratio
sensors whether a feedback control of calculating an air-fuel
ratio correction factor FAF 1s being executed. The feedback
execution condition i1n this embodiment may be, for
example, a condition that the air-fuel ratio sensors have been
activated, a condition that the engine warm-up has been
completed, a condition that a predetermined time has
clapsed following discontinuation of a fuel cut process of
temporarily stopping the fuel injection, etc. If it 1s deter-
mined 1n step 201 that the feedback control 1s being
executed, the process proceeds to step 202 1n which it 1s
determined whether the output voltage VOM of the
upstream-side air-fuel ratio sensor 13 1s at most a value
obtained by adding a predetermined factor A to a reference
output value V,, corresponding to the stoichiometric air-
fuel ratio (VOM=V,,+A). That is, it is determined whether
the mnflow exhaust air-fuel ratio 1s on the lean side of the
target air-fuel ratio.

If i1t 1s determined in step 202 that VOMZ=V, +A, 1t 1s
considered that the inflow exhaust air-fuel ratio 1s on the lean
side, and the process proceeds to step 203 in order to
decrease the degree of leanness of the inflow exhaust air-fuel
ratio. In step 203, 1t 1s determined whether the output voltage
of the upstream-side air-fuel ratio sensor 13 has reversed
from the rich side to the lean side of the target air-fuel ratio.
If 1t 1s determined 1n step 203 that the output voltage of the
upstream-side air-fuel ratio sensor 13 has so reversed, the
process proceeds to step 204, mm which the air-fuel ratio
correction factor FAF 1s relatively greatly increased by a
skip increase amount RSR 1n a rapid manner. Conversely, 1t
it 15 determined 1n step 203 that the output voltage of the
upstream-side air-fuel ratio sensor 13 has not reversed, the
process proceeds to step 206, in which the air-fuel ratio
correction factor FAF 1s relatively slightly increased by a
constant KIR. Thus, immediately after the inflow exhaust
air-fuel ratio changes to the lean side of the target air-fuel
ratio, the air-fuel ratio correction factor FAF 1s increased so
that the degree of leanness of the intflow exhaust air-fuel
ratio decreases 1n a rapid manner. After that, the air-fuel ratio
correction factor FAF 1s increased so that the degree of
leanness of the inflow exhaust air-fuel ratio gradually
decreases.

If 1t 1s determined 1n step 202 that VOM>V, +A, 1t 1s
considered that the inflow exhaust air-fuel ratio is on the rich
side, and the process proceeds to step 207 in order to
decrease the degree of richness of the inflow exhaust air-fuel
ratio. In step 207, 1t 1s determined whether the output voltage
of the upstream-side air-fuel ratio sensor 13 has reversed
from the lean side to the rich side of the target air-fuel ratio.
If 1t 1s determined 1n step 207 that the output voltage of the
upstream-side air-fuel ratio sensor 13 has reversed so, the
process proceeds to step 208, i which the air-fuel ratio
correction factor FAF 1s relatively greatly decreased 1n a
rapid manner by a skip decrease amount RSL. Conversely,
if 1t 1s determined 1n step 207 that the output voltage of the
upstream-side air-fuel ratio sensor 13 has not reversed, the
process proceeds to step 209, mm which the air-fuel ratio
correction factor FAF 1s relatively slightly decreased by a
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constant KIL. Thus, immediately after the mflow exhaust
air-fuel ratio changes to the rich side of the target air-fuel
rat1o, the air-fuel ratio correction factor FAF 1s decreased so
that the degree of richness of the inflow exhaust air-fuel ratio
decreases 1 a rapid manner. After that, the air-fuel ratio
correction factor FAF 1s decreased so that the degree of
richness of the inflow exhaust air-fuel ratio gradually
decreases.

In step 205, an air-fuel ratio correction factor FAF-
cuarding process 1s performed so that the air-fuel ratio
correction factor FAF remains between 1ts permissible mini-
mum and 1ts permissible maximum.

Referring to the flowchart of FIG. 6, first 1n step 301, 1t 15

determined whether a condition for executing the air-fuel
ratio feedback control 1s met. That 1s, 1t 1s determined
whether the feedback control 1s being executed. The condi-
fion herein includes a condition where the engine 1s not
being 1dled, 1n addition to the conditions mentioned above in
conjunction with the flowchart of FIG. 5. If 1t 1s determined
in step 301 that the feedback control 1s being executed, the
process proceeds to step 302, m which 1t 1s determined
whether the output voltage VOS of the downstream-side
air-fuel ratio sensor 15 1s at most a value obtained by adding
a predetermined value B to a value V, corresponding to the
stoichiometric air-fuel ratio (VOS=V,,+B). That 1s, it is
determined whether the outflow exhaust air-fuel ratio 1s on
the lean side of the target air-fuel ratio. If it 1s determined 1n
step 302 that VOS =V, +B, 1t 1s considered that the outflow
exhaust air-fuel ratio i1s on the lean side, and the process

proceeds to step 303, 1n which the skip increase amount RSR
for the air-fuel ratio correction factor FAF 1s increased by a
predetermined value ARS. Conversely, 1f 1t 1s determined in
step 302 that VOS>V ,,+B, 1t 1s considered that the outflow
exhaust air-fuel ratio 1s on the rich side, and the process
proceeds to step 306, 1n which the skip increase amount RSR
for the air-fuel ratio correction factor FAF 1s decreased by
the predetermined value ARS

In step 304, the skip increase amount RSR 1s guarded so
that the skip increase amount RSR remains between its
permissible minimum and its permissible maximum. Sub-
sequently 1n step 305, a skip decrease amount RSL for the
air-fuel ratio correction factor FAF 1s calculated by subtract-
ing the skip increase amount RSR from 0.1.

Next, determination of catalyst deterioration 1n this
embodiment will be described with reference to FIGS. 7A to
7F. Referring to the time chart of FIG. 7A indicating
fluctuations of the inflow exhaust air-fuel ratio, the inflow
exhaust air-fuel ratio 1s on the rich side of the stoichiometric
air-fuel ratio at time point t,. After that, the degree of
richness of the inflow exhaust air-fuel ratio gradually
decreases with repeated increase-decrease patterns of rela-
tively short cycles. The inflow exhaust air-fuel ratio
becomes equal to the stoichiometric air-fuel ratio at time
point t,, and then changes to the lean side of the stoichio-
metric air-fuel ratio. When the inflow exhaust air-fuel ratio
fluctuates 1n this manner, the output voltage of the upstream-
side air-tfuel ratio sensor 13 fluctuates approximately corre-
sponding to the fluctuations of the intflow exhaust air-fuel
rat1o, as mdicated in FIG. 7B. Referring to FIG. 7C 1ndi-
cating fluctuations of the outflow exhaust air-fuel ratio
occurring when the three-way catalyst device functions
normally, the outflow exhaust air-fuel ratio 1s on the rich side
of the stoichiometric air-fuel ratio at time point t,. After that,
the degree of richness of the outflow exhaust air-fuel ratio
oradually decreases without repeated increase-decrease pat-
terns. The outflow exhaust air-fuel ratio becomes equal to
the stoichiometric air-fuel ratio at time point t,, and then
changes to the lean side of the stoichiometric air-fuel ratio.
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When the outflow exhaust air-fuel ratio fluctuates 1n this
manner, the output voltage of the downstream-side air-fuel
ratio sensor 15 fluctuates approximately corresponding to
the fluctuations of the outllow exhaust air-fuel ratio, as

indicated m FIG. 7D.

However, referring to FIG. 7E indicating fluctuations of
the outtlow exhaust air-fuel ratio occurring when the three-
way catalyst device has deteriorated, the outflow exhaust
air-fuel ratio fluctuates substantially in the same manner as
the inflow exhaust air-fuel ratio fluctuates. That 1s, when the
three-way catalyst device has deteriorated, the degree of
richness of the outflow exhaust air-fuel ratio gradually
decreases with repeated increase-decrease patterns of rela-
tively short cycles. When the outflow exhaust air-fuel ratio
fluctuates 1n this manner, the output voltage of the
downstream-side air-fuel ratio sensor 15 fluctuates substan-

tially corresponding to the fluctuations of the outilow
exhaust air-fuel ratio, as indicated in FIG. 7F. That 1s, the
output voltage of the downstream-side air-fuel ratio sensor
15 gradually decreases with repeated increase-decrease pat-
terns.

A comparison value calculated by comparing the length of
a locus of the output voltage of the upstream-side air-fuel
ratio sensor 13 (hereinafter, referred to as “upstream-side
locus length™) and the length of a locus of the output voltage
of the downstream-side air-fuel ratio sensor 15 (hereinafter,
referred to as “downstream-side locus length”) occurring
when the three-way catalyst device has deteriorated 1s
different from such a comparison value obtained when the
three-way catalyst device 1s normal. For example, the ratio
of the downstream-side locus length to the upstream-side
locus length (hereinafter, referred to as “locus length ratio™)
becomes greater when the three-way catalyst device 1s
abnormal than when the three-way catalyst device 1s normal.
Therefore, utilizing this fact, it 1s possible to determine that
the three-way catalyst device has deteriorated when the
locus length ratio becomes greater than a predetermined
criterion value. However, 1n this invention, a device for
further increasing the precision in determining catalyst dete-
rioration 1s provided.

That 1s, due to an output characteristic of the air-fuel ratio
sensors, the output voltage fluctuation value of the
downstream-side air-fuel ratio sensor 15 per unit outtlow
exhaust air-fuel ratio fluctuation value (hereinafter, simply
referred to as “output fluctuation rate”) decreases with
increases 1n the output voltage of the downstream-side
air-fuel ratio sensor 15. This means that the locus length
ratio decreases with increases in the output voltage of the
downstream-side air-fuel ratio sensor 15, where the degree
of deterioration of the three-way catalyst device 1s fixed.
That 1s, when the output voltage of the downstream-side
air-fuel ratio sensor 15 1s relatively great, it may be deter-
mined that the three-way catalyst device has not deteriorated
although 1t actually has deteriorated. Therefore, 1n the
invention, the output voltage of the downstream-side air-fuel
ratio sensor 15 1s corrected by multiplying i1t by a correction
factor indicated 1n FIG. 8, and a locus length ratio 1is
calculated based on the thus-corrected output voltage. As
indicated 1n FIG. 8, the correction value increases 1n a
quadratic curve fashion with increases in the output voltage
of the downstream-side air-fuel ratio sensor 15. Therefore,
as 1ndicated i FIG. 9, a locus L1 of the pre-correction
output voltage of the downstream-side air-fuel ratio sensor
15 1s corrected to a locus L2. In this case, the output
fluctuation rate 1s substantially constant regardless of values
of output voltage of the downstream-side air-fuel ratio
sensor 15. By using the thus-corrected output voltage of the
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downstream-side air-fuel ratio sensor 15, it becomes pos-
sible to precisely determine or evaluate deterioration of the
three-way catalyst device, regardless of values of output
voltage of the downstream-side air-fuel ratio sensor 15.

The determination of catalyst deterioration will be
described with reference to the flowchart of FIG. 10. First in
step 401, 1t 1s determined whether the engine operational
state meets a condition for permitting calculation of a locus
length ratio, that 1s, whether a precondition for permitting
execution of locus length ratio sampling (S/P precondition)
1s met. The S/P precondition includes a condition that the
warm-up ol the engine has been completed, a condition that
the warm-up of the three-way catalyst device has been
completed, a condition that the air-fuel ratio feedback con-
trol 1s being executed, and a condition that the learning of
air-fuel ratio has been completed. If 1t 1s determined 1n step
401 that the S/P precondition 1s met, the process proceeds to

step 402.

In step 402, 1t 1s determined whether the engine opera-
fional state occurring immediately prior to execution of the
catalyst deterioration determination meets a condition for
permitting calculation of a locus length ratio (S/P condition).
The S/P condition herein includes a condition that the
change 1n the engine revolution speed 1s small, a condition
that the change 1n the negative pressure 1n the intake passage
1s small, a condition that the change in the intflow exhaust
air-fuel ratio 1s small, a condition that the air-fuel ratio
feedback control 1s being executed, a condition that the
number of times of saturation of the oxygen absorbing/
releasing capability of the three-way catalyst device 1s small,
a condition that a so called fuel cut operation of temporarily
stopping the fuel 1njection 1s being executed, a condition that
an operation of temporarily increasing the amount of fuel
injected 1n order to curb an excessive engine temperature
increase 1s not bemng executed, and a condition that a
predetermined time has elapsed following the previous locus
length ratio calculation. If 1t 1s determined 1n step 402 that
the S/P condition 1s met, the process proceeds to step 403,
in which a locus length ratio R 1s calculated. Subsequently
in step 404, the calculated locus length ratio R 1s stored as
a unit of data. The locus length ratio R 1s the ratio of the
length of a locus of the output voltage of the downstream-
side air-fuel ratio sensor 15 corrected by a correction value
read from a map as indicated mn FIG. 8 to the length of a
locus of the output voltage of the upstream-side air-fuel ratio
sensor 13 as mentioned above.

Subsequently 1n step 405, 1t 1s determined whether the
number of units of stored data Ns regarding the locus length
ratio R 1s equal to or larger than Vns (Ns2Vns). If it is
determined 1n step 405 that Ns=Vns, the process proceeds
to step 406, 1n which a pre-process for determination of
catalyst deterioration 1s executed. That 1s, the maximum and
minimum values are excluded from the stored data regarding
the locus length ratio R.

Subsequently 1n step 407, 1t 1s determined whether the
population variance D of the stored data regarding the locus
length ratio R 1s at most a predetermined criterion value Vd
(D=Vd). If it 1s determined in step 407 that D=Vd, the
process proceeds to step 408, in which 1t 1s determined
whether the population mean M 1s at least a predetermined
criterion value Vm (M2Vm). If it 1s determined that
M=Vm, 1t 1s considered that the three-way catalyst device
has deteriorated, and the process proceeds to step 409, 1n
which the alarm 40 1s activated.

If 1t 1s determined 1n step 401 that the S/P precondition 1s
not met, or if it 1s determined in step 402 that the S/P
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condition 1s not met, or if 1t 1s determined 1n step 405 that
Ns<Vns, or 1f it 1s determined 1n step 407 that D>Vd, or it
it 1s determined 1n step 408 that M<Vm, the process ends
without executing the determination regarding catalyst dete-
rioration.

Although 1n the foregoing embodiment the output voltage
of the downstream-side air-fuel ratio sensor 1s corrected, it
1s also possible to correct the predetermined criterion value
used to determine whether the three-way catalyst device has
deteriorated. In this case, the predetermined criterion value
1s corrected so that the predetermined criterion value
decreases with 1ncreases 1n the output voltage of the
downstream-side air-fuel ratio sensor. In this manner, advan-
tages substantially the same as those of the foregoing
embodiment can be achieved.

While the present invention has been described with
reference to what 1s presently considered to be a preferred
embodiment thereof, it 1s to be understood that the present
invention 1s not limited to the disclosed embodiment or
constructions. On the conftrary, the present invention 1s
intended to cover various modifications and equivalent
arrangements.

What 1s claimed 1s:

1. A catalyst deterioration determining apparatus 1n an
internal combustion engine having an exhaust passage that
discharges exhaust gas from the internal combustion engine,
and a three-way catalyst device that 1s disposed in the
exhaust passage and has an oxygen absorbing/releasing
capability, comprising;

an upstream-side air-fuel ratio sensor that 1s disposed 1n a

portion of the exhaust passage located upstream of the
three-way catalyst device, and that outputs an
upstream-side output value 1n accordance with an air-
fuel ratio of the exhaust gas flowing into the three-way
catalyst device;

a downstream-side air-fuel ratio sensor that 1s disposed in
a portion of the exhaust passage located downstream of
the three-way catalyst device, and that outputs a
downstream-side output value 1n accordance with the
air-fuel ratio of the exhaust gas flowing out of the
three-way catalyst device;

corrector means for correcting the downstream-side out-
put value 1n accordance with the downstream-side
output value;

calculator means for calculating a comparison value by
comparing a length of an upstream-side output locus
formed by the upstream-side output value and a length
of a downstream-side corrected output locus formed by
the corrected downstream-side output value; and

determiner means for determining whether the three-way
catalyst device has deteriorated by comparing the com-
parison value with a predetermined criterion value.

2. A catalyst deterioration determining apparatus accord-
ing to claim 1, wherein the corrector means increases an
amount of correction of the downstream-side output value
with an increase 1n a difference between the downstream-
side output value and an output value of the downstream-
side air-fuel ratio sensor corresponding to a stoichiometric
air-fuel ratio.

3. A catalyst deterioration determining apparatus accord-
ing to claim 2,

wherein when the air-fuel ratio 18 on a rich side, the

downstream-side air-fuel ratio sensor outputs a voltage
that 1s higher than the output voltage of the
downstream-side air-fuel ratio sensor corresponding to
the stoichiometric air-fuel ratio, and




US 6,349,540 B1

13

wherein the corrector more greatly increases the
downstream-side output value when a value obtained
by subtracting the output value of the downstream-side
air-fuel ratio sensor corresponding to the stoichiometric
air-fuel ratio from the downstream-side output value
becomes greater.

4. A catalyst deterioration determining apparatus accord-
ing to claim 1, wherein each of the upstream-side air-fuel
ratio sensor and the downstream-side air-fuel ratio sensor 1s
an oxygen sensor that outputs an output value 1in accordance

with an oxygen concentration 1n the exhaust gas.
5. A catalyst deterioration determining apparatus accord-

ing to claam 1, wherein the comparison value 1s a ratio
between the length of the upstream-side output locus and the
length of the downstream-side corrected output locus.
6. A catalyst deterioration determining apparatus accord-
ing to claim 3§,
wherein the comparison value 1s a ratio of the length of
the downstream-side corrected output locus to the
length of the upstream-side output locus, and

wherein when the comparison value 1s greater than a
predetermined criterion value, the determiner means
determines that the three-way catalyst device has dete-
riorated.

7. A catalyst deterioration determining apparatus 1n an
internal combustion engine having an exhaust passage that
discharges exhaust gas from the internal combustion engine,
and a three-way catalyst device that 1s disposed 1n the
cxhaust passage and has an oxygen absorbing/releasing
capability, comprising;

an 1nternal combustion engine;

an upstream-side air-fuel ratio sensor that 1s disposed 1n a
portion of the exhaust passage located upstream of the
three-way catalyst device, and that outputs an
upstream-side output value 1n accordance with an air-
fuel ratio of the exhaust gas flowing 1nto the three-way
catalyst device;

a downstream-side air-fuel ratio sensor that 1s disposed 1n
a portion of the exhaust passage located downstream of
the three-way catalyst device, and that outputs a
downstream-side output value in accordance with the
air-fuel ratio of the exhaust gas flowing out of the
three-way catalyst device;

calculator means for calculating a comparison value by
comparing a length of an upstream-side output locus
formed by the upstream-side output value and a length
of a downstream-side output locus formed by the
downstream-side output value;

corrector means for correcting a criterion value to be
compared with the comparison value 1n order to deter-
mine whether the three-way catalyst device has
deteriorated, in accordance with the downstream-side
output value; and

determiner means for determining whether the three-way
catalyst device has deteriorated by comparing the com-
parison value and the corrected criterion value.

8. A catalyst deterioration determining apparatus accord-
ing to claim 7, wherein the corrector means increases an
amount of correction of the downstream-side output value
with an increase 1n a difference between the downstream-
side output value and an output value of the downstream-
side air-fuel ratio sensor corresponding to a stoichiometric
air-fuel ratio.

9. A catalyst deterioration determining apparatus accord-
ing to claim 8,

wherein when the air-fuel ratio 1s on a rich side, the

downstream-side air-fuel ratio sensor outputs a voltage
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that 1s higher than the output voltage of the
downstream-side air-fuel ratio sensor corresponding to
the stoichiometric air-fuel ratio, and

wherein the corrector means more greatly increases the
criterion value when a value obtained by subtracting
the output value of the downstream-side air-fuel ratio
sensor corresponding to the stoichiometric air-fuel ratio
from the downstream-side output value becomes
greater.

10. A catalyst deterioration determining apparatus accord-

ing to claam 7, wherein each of the upstream-side air-fuel
ratio sensor and the downstream-side air-fuel ratio sensor 1s

an oxygen sensor that outputs an output value 1n accordance
with an oxygen concentration 1n the exhaust gas.

11. A catalyst deterioration determining apparatus accord-
ing to claim 7, wherein the comparison value 1s a ratio
between the length of the upstream-side output locus formed
by the upstream-side output value and the length of the
downstream-side output locus formed by the downstream-
side output value.

12. A catalyst deterioration determining apparatus accord-
ing to claim 11,

wherein the comparison value 1s a ratio of the length of

the downstream-side output locus to the length of the

upstream-side output locus, and

wheremn when the comparison value 1s greater than the
corrected criterion value, the determiner means deter-
mines that the three-way catalyst device has deterio-
rated.

13. A catalyst deterioration determining method compris-

Ing:

acquiring a first output value from an upstream-side
air-fuel ratio sensor positioned upstream of a three-way
catalyst device disposed 1n an exhaust gas of an internal
combustion engine, the first output value being 1n
accordance with an air-fuel ratio of an exhaust gas
flowing into the three-way catalyst device;

acquiring a second output value from a downstream-side
air-fuel ratio sensor positioned downstream of the
three-way catalyst device, the second output value
being 1 accordance with the air-fuel ratio of the
exhaust gas flowing out of the three-way catalyst
device;

correcting the second output value 1n accordance with a
magnitude of the second output value;

calculating a comparison value by comparing a length of
an upstream-side output locus formed by the first
output value and a length of a downstream-side cor-
rected output locus formed by the corrected second
output value; and

determining whether the three-way catalyst device has
deteriorated by comparing the comparison value and a
predetermined criterion value.

14. A catalyst deterioration determining method according
to claim 13, wherein an amount of correction made 1n the
correcting step increases with an increase 1n a difference
between the second output value and an output value of the
downstream-side air-fuel ratio sensor corresponding to a
stoichiometric air-fuel ratio.

15. A catalyst deterioration determining method according
to claim 13, wherein the comparison value 1s a ratio between
the length of the upstream-side output locus and the length
of the downstream-side corrected output locus.

16. A catalyst deterioration determining method compris-
Ing:

acquiring a first output value from an upstream-side

air-fuel ratio sensor positioned upstream of a three-way
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catalyst device disposed 1n an exhaust gas of an internal
combustion engine, the first output value being 1n
accordance with an air-fuel ratio of an exhaust gas
flowing into the three-way catalyst device;

acquiring a second output value from a downstream-side
air-fuel ratio sensor positioned downstream of the
three-way catalyst device, the second output value
being 1n accordance with the air-fuel ratio of the
cxhaust gas flowing out of the three-way catalyst
device;

calculating a comparison value by comparing a length of
an upstream-side output locus formed by the first
output value and a length of a downstream-side output
locus formed by the second output value;

correcting a criterion value to be compared with the
comparison value 1n order to determine whether the
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three-way catalyst device has deteriorated, 1n accor-
dance with the second output value; and

determining whether the three-way catalyst device has
deteriorated by comparing the comparison value and

the corrected criterion value.

17. A catalyst deterioration determining method according
to claim 16, wherein an amount of correction made 1n the
correcting step increases with an increase 1n a difference
between the second output value and an output value of the
downstream-side air-fuel ratio sensor corresponding to a
stoichiometric air-fuel ratio.

18. A catalyst deterioration determining method according
to claim 16, wherein the comparison value 1s a ratio between
the length of the upstream-side output locus and the length
of the downstream-side output locus.
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